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ABSTRACT
Angiotensin II (ANG II), a bioactive peptide that plays important roles in blood-pressure and body-fluid regulation, has recently been reported to be involved in normal thermoregulation and fever. In the case of thermoregulation, ANG II lowers body temperature when administered centrally or systemically (i.e. "exogenous" ANG II acts as a hypothermia-inducing agent). In contrast, "endogenous" ANG II is involved both in heat-loss responses in a hot environment and in thermogenesis in the cold. It therefore seems likely that endogenous ANG II is involved in maintaining body temperature at the set-point. In the case of fever, it has been reported that endogenous brain ANG II and its type 1 receptor mediate or modulate the fever induced by "restraint stress". At the final step in "pyrogen-induced" fever, brain ANG II facilitates the fever induced by prostaglandin E 2 (PGE 2 ) through its action on the type 2 receptor, whereas at its first step the lipopolysaccharide (LPS, 2 microg/kg, i.v.)-induced production of pyrogenic cytokines [such as interleukin-1 (IL-1)] involves an action of endogenous ANG II through its type 1 receptor. On the other hand, it is well known that a very high dose of LPS (50-5000 microg/kg) injected systemically induces hypothermia in rodents. This hypothermia is presumably initiated by tumor necrosis factor (TNF). Since ANG II contributes to the LPS-induced production of cytokines such as IL-1beta, as described above, it is possible that the generation of TNF by LPS involves an action of ANG II, too, and that this TNF production leads to the LPS-induced hypothermia.
Together, these findings suggest that ANG II and its receptors make a number of contributions to normal thermoregulation, to fever, and to the hypothermia in systemic inflammation.
INTRODUCTION
Angiotensin II (ANG II), a bioactive peptide that plays important roles in blood-pressure and body-fluid regulation, may also be involved in body temperature regulation. First, this mini-review touches on the role of ANG II in normal thermoregulation. Then, we move onto its importance in a pathologic thermal response, fever. Finally, we speculate on the role of ANG II in the development of the hypothermia in systemic inflammation.
ROLE OF ANG II IN NORMAL THERMOREGULATION
The intracerebroventricular (i.c.v.) administration of ANG II has been reported to lower resting body temperature in many species, such as rats, rabbits, and sheep (1) (2) (3) (4) (5) (6) , suggesting that ANG II is one of the hypothermia-inducing agents acting on the central nervous system. Furthermore, subcutaneous (s.c.) injection of ANG II induces hypothermia, too [both by enhancing heat-loss responses and by inhibiting heatproduction] (7) (8) (9) (10) . This peripheral ANG II-mediated response might be at least in part due to its action on the ANG II type 1 (AT 1 ) receptor in the subfornical organ (SFO; 9), since the ANG II-containing SFO neurons transfer the peripheral ANG II signal to the brain. In previous studies by us and others, however, injection of ANG II into the medial and/or lateral preoptic area, a thermoregulatory center in the brain, failed to affect body temperature (11, 12) . This leaves us with a question as to how brain ANG II lowers body temperature.
In fact, there are two papers in the literature suggesting that the ANG II-induced pressor response might hold the answer to this question. It should be noted that the studies mentioned above employed relatively high doses of ANG II (1-5 microg, i.c.v.), which would presumably have markedly increased blood pressure and thus produced a baroreceptor reflex. Indeed, Shido et al. (4) demonstrated that an i.c.v. injection of ANG II (5 microg) in rats induced a baroreflex bradycardia as well as hypothermia, and that sinoaortic denervation reduced the hypothermia. In addition, Hassinen et al. (13) noted that when the ANG II-induced pressor response is slow, body temperature rises, whereas a "rapid" increase in blood pressure is associated with hypothermia. These results suggest that inhibition of sympathetic nervous activity by the baroreceptor reflex --which would lead both to a decrease in heat production in metabolic tissues and to an increase in heat loss via, for example, vasodilation --is principally responsible for the ANG II-induced hypothermia. It therefore follows that the precise effect of "exogenous" ANG II on body temperature is still uncertain.
In contrast, a definite role for "endogenous" ANG II in thermoregulation in hot or cold environment has been suggested in rats. For example, i.c.v. injection of an AT 1 -receptor antagonist increases body temperature in heatexposed rats (14) . Furthermore, in heat (40 °C)-exposed rats circumventricular structures, activated via circulating ANG II, seem to play a role in decreasing the threshold body temperature for salivation (15). Collectively this evidence indicates that in rats endogenous ANG II contributes to heatloss responses in a hot environment. In addition, since heatexposure frequently results in a loss of water (i.e., hypohydration and/or dehydration), it is reasonable to think that a hypohydration-or dehydration-induced production of ANG II may play an important role in heat-loss responses in rats. In fact, this idea is supported by a recent finding that systemic salt-loading increases heat-escape behaviour via central AT 1 receptors in rats (16) . Concerning the role of ANG II in thermoregulation in a cold environment, there is a report suggesting that ANG II contributes to cold-induced thermogenesis in rats (17) . Collectively, the above evidence suggests that endogenous ANG II may help to maintain body temperature at the set point in rats, at least. However, it should be borne in mind that there may be a species difference in the role played by endogenous ANG II in thermoregulation. For example, in humans an ANG-converting-enzyme (ACE) inhibitor failed to alter the exercise-induced rises in skin and esophageal temperature seen in a hot environment (18) , suggesting that ANG II may play no significant role in heatloss responses in humans. Furthermore, in heat-exposed monkeys an i.c.v. injection of ANG II resulted in a decrease in sweat rate, which may indicate that ANG II actually increases body temperature in the heat in these animals (19) .
From the above, we can see that the exact role of endogenous ANG II in normal thermoregulation is uncertain, and will require clarification in future research.
ROLE OF ANG II IN FEVER
Although the role of ANG II in normal thermoregulation has been investigated quite extensively, as described above, comparatively little effort has been made to elucidate whether ANG II is involved in the development of "fever". In addition to the classical pyrogen-induced fever, the rise in body temperature induced by stress needs to be considered as a type of fever, because this hyperthermia can be inhibited by administration of anti-pyretic drugs, such as sodium salicylate (20) . In fact, we recently found that endogenous ANG II mediates or modulates the fever seen in animals exposed to restraint-stress (21) or pyrogenic substances (12) .
In this section, we present our recent results demonstrating the involvement of endogenous ANG II and its receptors in fever in rats, and we try to place them in the context of the related papers to be found in the literature, although the latter are surprisingly limited in number.
Role of ANG II in stress-induced fever
It is well known that an animal reacts to stressful stimuli with stereotyped responses, including increases in blood pressure and body temperature. Previously, two reports have directly shown the involvement of ANG II in the blood pressure response to stress. According to these reports, blockade of the central AT 1 receptor resulted in a suppression, in rats, of the pressor response to heat-stress (22) or foot shock-stress (23) . We repeated this experiment, and further examined the role of ANG II in the hyperthermic responses to restraint-stress (stress-induced fever), using spontaneously hypertensive rats (SHR) and their controls, Wistar-Kyoto (WKY) rats. The stress used in this experiment was restraintstress, induced by placing the rat in a small cylindrical restraining cage made of steel wire (7 x 12 cm; diameter x length) for 60 min. Throughout the experiment, each physiological variable was continuously monitored using a telemetric system. The i.c.v. injections were made into the third cerebral ventricle. Figure 1A shows that immediately after the start of restraint-stress (at time 0) artificial cerebrospinal fluid (aCSF)-injected WKY and SHR had rapid increases in blood pressure, followed by a gradual decline throughout the period of stress. These changes were attenuated by the AT 1 -receptor antagonist, losartan (10 microg and 100 microg, given i.c.v. at time 0) in a dose-related manner, its effects reaching significance only at the higher dose (100 microg; 21). In addition, as shown in figure 1B the restraint-stress-induced fever in both SHR and WKY was significantly attenuated by i.c.v. injection of losartan (given at the beginning of the stress exposure) (21) . Losartan given i.c.v. alone had no effect on the resting body temperature in WKY and SHR ( figure 1C ). These results indicate that brain ANG II and AT 1 receptors contribute to the development of stress-induced pressor and febrile responses in rats.
We can not rule out the possibility that the effect of ANG II on the body temperature are simply an indirect response to changes in blood pressure regulation (vasodilation, etc). However, in our hands, losartan was effective in inhibiting the stress-induced fever in SHR at the lower dose (10 microg), that has no significant effect on the pressor response ( figure 1A and B). Therefore, ANG II could have body temperature effects that are dissociated from blood pressure effects in SHR.
Furthermore, it is noted in this experiment that it required 100 microg to have an effect on the stress-induced response. Therefore, the effect of losartan at the lower dose (for example, 60 microg) should be examined on the stressinduced responses in the future experiments.
Stress responses are induced by activation of the sympathetic nervous system via the action of ANG II on brain AT 1 receptors
The aforementioned cardiovascular and temperature responses to stress are likely to be mediated, at least in part, by activation of the sympathetic nervous system. Indeed, we found that in both SHR and WKY, i.c.v. injection of losartan significantly attenuated the increases in plasma norepinephrine and epinephrine induced by restraintstress (21) . It is, therefore, very likely that activation of brain AT 1 receptors by endogenous ANG II is necessary for the full expression of the sympathoexcitatory responses to stress. This idea is supported by the finding that antagonism of central ANG II receptors attenuates the stress-induced elevation in splanchnic sympathetic neural activity (22) . Furthermore, in the adrenal medulla the AT 1 receptor is the receptor-type directly related to catecholamine release (24) . Thus, ANG II and AT 1 receptors would seem to play important roles in the stress-induced activation of the sympathoadrenomedullary system. Collectively, the above evidence suggests that brain ANG II and AT 1 receptors contribute to the development of stress-induced pressor and febrile responses through their stimulatory effects on the sympathoadrenomedullary system. Furthermore, it should be interesting to examine the role of another ANG receptor, the AT 2 receptor in stress-induced fever as well.
Role of ANG II in IL-1beta-and PGE 2 -induced fevers
It is widely accepted that a host reacts against pathogenic stimuli such as lipopolysaccharide (LPS) by producing several host-defence responses, including fever. LPS, once inside the body, stimulates leukocytes to produce pyrogenic cytokines, such as interleukin-1 (IL-1) or IL-6, and these cytokines are collectively called endogenous pyrogens (EP; 25). Furthermore, the febrile response to pyrogenic cytokines/EP is believed to be mediated by the central action of prostaglandin E (PGE; 25). Recently, we found that brain ANG II and type 2 ANG (AT 2 ) receptors (but not AT 1 receptors) contribute to the development of the febrile responses induced in rats by IL-1beta or PGE 2 (12).
4.2.1.
IL-1beta-and PGE 2 -induced febrile responses are inhibited by treatment with the AT 2 antagonist, CGP42112A (given i.c.v.), but not by the AT 1 antagonist, losartan.
Having found that the fever induced by restraintstress is inhibited by an AT 1 antagonist, losartan (see above), we postulated that AT 1 receptors play an important role in pyrogen-induced fever, too. Surprisingly, however, i.c.v. treatment with losartan (60 microg) had no effect on the febrile response induced by either IL-1beta or PGE 2 (12) . In this experiment, IL-1beta was injected intraperitoneally (i.p.), while PGE 2 was given i.c.v. The dose of losartan (60 microg) used is actually rather high, because less than 10 microg of the drug is sufficient to inhibit ANG II-induced responses such as increases in water intake (26) and arterial blood pressure (27) in rats. Thus, since it seemed that AT 1 receptors are not involved in IL-1beta-and PGE 2 -induced fevers, although they participate in stress-induced fever, we wondered whether the other ANG receptor, the AT 2 receptor, contributes to the development of pyrogen-induced fever. Figure 2 shows the effect of an AT 2 antagonist, CGP 42112A, on the fevers induced by i.p. IL-1beta and i.c.v. PGE 2 in rats (12). CGP42112A was administered i.c.v. just before the IL-1beta or PGE 2 . Injection of IL1beta (2 microg/kg, i.p.) in the aCSF-treated controls resulted in a biphasic increase in body temperature (figure 2A) which began after 5 min and reached its peak at 90-120 min. On the other hand, injection of PGE 2 (200 ng, i.c.v.) produced a monophasic fever in the aCSF-injected controls (figure 2B), the body temperature beginning to increase immediately and reaching peak at 30 min. Importantly, figure 2 shows that the IL-1beta-induced fever was attenuated by treatment with CGP42112A (5 or 20 microg, i.c.v.) in a dose-related manner, the effect being significant at p<0. , although at 5 microg the same drug had no effect. CGP42112A (20 microg, i.c.v.) given alone had no effect on resting body temperature (figure 2B). These results suggest the involvement of brain AT 2 receptors in the development of PGE 2 -induced fever in rats.
The question then arises as to which part of the brain is responsible for the AT 2 -receptor-mediated febrile response. Since it is believed that PGE 2 acts within the preoptic hypothalamic area to induce fever, we next examined the effect of intrahypothalamic (i.h.) injection of CGP 42112A on IL-1beta-and PGE 2 -induced fevers in rats.
IL-1beta-and PGE 2 -induced febrile responses are inhibited by treatment with the AT 2 antagonist, CGP42112A, given intrahypothalamically ( i.h.)
In this experiment, IL-1beta was injected i.p., but PGE 2 was administered i.h. The results are shown in figure  3 (12) . The febrile responses induced by IL-1beta (2 microg/kg, i.p.) or PGE 2 (100 ng, i.h) were each attenuated by i.h. treatment with CGP42112A (2 and 5 microg) in a dose-related manner, its effect being significant at p<0.05 [CGP42112A (5 microg)+IL-1beta, 0-80 min; CGP42112A (5 microg)+PGE 2 , 0-40 min]. CGP42112A (5 microg, i.h.) given alone had no effect on resting body temperature (figure 3B). Since these findings indicated the involvement of hypothalamic AT 2 receptors in the development of PGE 2 -induced fever in rats, we wondered what the effect of ANG II itself might be on resting body temperature.
An i.h. injection of ANG II has no effect on resting body temperature, but enhances the PGE 2 -induced febrile response
In fact, ANG II, given i.h. at 25 ng or 5 microg, did not exert any significant effects on body temperature in rats (12) . It therefore seems likely that ANG II does not mediate, but instead modulates PGE 2 -induced fever in this species. To test this idea, we examined the effect of ANG II on the PGE 2 -induced fever in rats. ANG II (25 ng) was given into the hypothalamus just before the i.h. injection of PGE 2 (25 ng). ANG II, which had no effect on resting body temperature, enhanced the PGE 2 -induced fever (12) , suggesting that ANG II has a positive modulating effect on such fever.
PGE 2 -induced febrile response is inhibited by treatment with an ANG-converting-enzyme (ACE) inhibitor, given i.h.
When we administered an ACE inhibitor, lisinopril (5-10 microg), into the hypothalamus 15 min before the i.h. injection of PGE 2 , the PGE 2 -induced fever was significantly attenuated by the drug in a dose-related fashion (12) .
Taken together, the above findings suggest that hypothalamic ANG II, which is synthesized and released in response to PGE 2 , acts on AT 2 receptors in the rat hypothalamus to facilitate PGE 2 -induced fever. Interactions between brain ANG II and catecholamines, serotonin and other transmitters have been suggested (28). For example, ANG II enhances field-stimulation-induced release of norepinephrine from rat brain tissue in vitro (29). Therefore, it is possible that central ANG II interacts in some way with transmitters involved in the mediation of fever induction. Furthermore, it has been reported that IL-1, given systemically, activates the renin-angiotensin system, and that the involvement of prostaglandins has been suggested in this activation (30). This evidence supports the above idea as well.
Role of ANG II in the LPS-induced production of pyrogenic cytokines and fever
It is well known that a host develops a higher fever under dehydrated conditions than under euhydrated conditions. Indeed, in our hands, i.v. injection of a given dose of LPS induced a fever that was significantly greater in dehydrated rats than in euhydrated rats (31). However, dehydration had no effect on the fever induced by i.v. injection of IL-1beta (31), suggesting that the LPS-induced production of pyrogenic cytokines such as IL-1beta might be enhanced by dehydration. Furthermore, since the secretion of ANG II increases under dehydrated conditions it seemed possible that ANG II might be involved in this enhanced production of pyrogenic cytokines, and ultimately in enhancing the fever seen in response to LPS. To test this possibility, we next examined the effect of an ACE inhibitor on febrile responses in dehydrated rats.
LPS-induced febrile response is reduced by
treatment with an ACE inhibitor given i.v., but the same inhibitor has no effect on IL-1beta-induced fever Figure 4 shows the effect of an ACE inhibitor, lisinopril, on the fever induced in dehydrated rats by the i.v. injection of a relatively low dose of LPS (2 microg/kg; 31). When lisinopril was given i.v. just before the LPS (figure 4A), the LPS-induced fever was significantly attenuated, suggesting that ANG II is involved in LPS-induced fever in dehydrated rats. By contrast, the same inhibitor had no effect on IL-1beta-induced fever (figure 4B), indicating that ANG II may act by contributing to the LPS-induced production of pyrogenic cytokines, such as IL-1beta. It is also noted in figure 4B that lisinopril given i.v. alone had no effect on the resting body temperature in dehydrated rats.
We have measured the plasma concentration of IL-1beta following i.v. injection of LPS (2 microg/kg) in dehydrated rats. However, IL-1beta was not detectable in the plasma after the injection of LPS (unpublished observation). For that reason, we next examined the role of ANG II in LPS-induced expression of IL-1beta in the liver, a representative organ of the reticuloendothelial system. It has been reported that LPS-induced production of IL-1beta in the tissues results in the local release of an another cytokine, IL-6. Subsequently, this IL-6 enters the general circulation to cause fever (25).
LPS-induced production of IL-1beta in the rat
liver is reduced by treatment with an ACE inhibitor, given i.v. Figure 5 illustrates the effect of lisinopril on the expression of IL-1beta mRNA in the liver of dehydrated rats given an i.v. injection of LPS (32). Animals were sacrificed, the liver quickly removed, and the IL-1beta mRNA examined by Northern blot analysis. LPS induced a significant increase in the expression of hepatic IL-1beta mRNA at both 2 and 4 h after its injection, and this increase was reduced by treatment with lisinopril ( figure  5A ), an effect that, by quantitative analysis, was revealed to be statistically significant ( figure 5B ). This result suggests that ANG II contributes to the LPS-induced induction of IL-1beta at the mRNA level in dehydrated rats.
We also investigated the effect of lisinopril or losartan on the production of IL-1beta protein in the liver of dehydrated rats given an i.v. injection of LPS, the hepatic concentration of IL-1beta being measured by ELISA. In this experiment, the LPS-induced increase in the IL-1beta protein concentration was found to be significantly attenuated by these drugs (32).
Collectively, the above results support the idea that ANG II and AT 1 receptor are involved in the LPSinduced production of IL-1beta in dehydrated rats.
LPS-induced IL-6 response in rat plasma is reduced by treatment with an ACE inhibitor, given i.v.
In our next experiment, we examined the effect of lisinopril on the increase in plasma IL-6 seen in dehydrated rats given an i.v. injection of LPS. This effect was found to be significantly inhibited by lisinopril, suggesting the involvement of ANG II in the LPS-induced IL-6 response (32).
As mentioned above, the LPS-induced production of IL-1beta in the tissues leads to the local induction of IL-6, which enters the general circulation to cause fever (25) . On this basis, IL-6 is now thought to be a candidate for a circulating pyrogenic cytokine, particularly since IL-1beta cannot be detected in the blood of animals treated with LPS (25) . A distinct possibility is that ANG II participates in the production of tissue IL-1beta in response to LPS, leading to the induction of IL-6, and that this IL-6, after entering the general circulation and acting on the brain as a circulating pyrogenic cytokine, participates in the development of the LPS-induced fever, especially in the dehydrated rats. It should be interesting to examine the role of ANG II in the induction of fever in response to IL-6 as well. Furthermore, the above idea seems to be applicable to the euhydrated rats as well, because we found that the i.v. injection of lisinopril significantly reduced the fever induced in euhydrated rats by i.v. injection of LPS (2 microg/kg) (31).
ROLE OF ANG II IN THE HYPOTHERMIA IN SYSTEMIC INFLAMMATION; A SPECULATION
It has been reported that the temperature responses induced by systemic administration of LPS depend very much on the dose of LPS. Actually, in rodents a very high dose of LPS (50-5000 microg/kg) injected either i.v. or i.p. induces either hypothermia or hypothermia followed by fever (33-39), whereas a low dose (2 microg/kg, i.v.) produced a fever in our study (see above; 31) . It has been shown that the LPS-induced hypothermia involves a decrease in the threshold body temperature for thermogenesis, together with cold-seeking behavior (37) . Thus, this hypothermia may be a well-regulated one. Furthermore, it has been suggested that the LPS-induced hypothermia is an adaptive thermoregulatory response to systemic inflammation (40) . In fact, the LPS-induced hypothermia is mediated by PGs, because it is inhibited by cyclooxygenase inhibitors (34), and a recent study revealed that it is mediated especially by COX-1-produced PG (36). This raises the question as to whether ANG II is involved in the development of inflammation-related hypothermia, as it is in the development of fever.
It has been hypothesized that increased production of PG (presumably PGD 2 ) in the thermoregulatory center is one of the final events in the development of LPS-induced hypothermia. In fact, i.p. injection of LPS leads to the release of PGD 2 in the preoptic area of the rat brain, while microinjection of PGD 2 into the preoptic area causes hypothermia in this species (39) . On the other hand, one of the cytokines, tumor necrosis factor (TNF), has been reported to be involved in LPS-induced hypothermia. Indeed, an antibody against TNF has been shown to inhibit LPS-induced hypothermia (33). Furthermore, after injection of a high dose of LPS TNF-receptor-knockout mice exhibit fever, while their control wild-type mice become hypothermic at an early stage (41) . Since ANG II contributes to the LPS-induced production of such cytokines as IL-1beta, as described above, it seems likely that the generation of TNF by LPS involves an action of ANG II, too, and that this TNF production results in the synthesis of a hypothermiainducing substance, namely PGD 2 . If this is indeed the case, ANG II may participate not only in the development of the fever induced in rats by administration of LPS, but also in the hypothermia induced by the same agent. This possibility needs to be tested in detail in the near future.
CONCLUDING REMARKS
In this mini-review, we have discussed the role of ANG II in normal thermoregulation, in fever, and in the hypothermia in systemic inflammation.
ANG II has repeatedly been reported to induce hypothermia when injected either i.c.v. (1-6) or s.c. (7) (8) (9) (10) . However, it has been pointed out that the ANG II-induced rise in blood pressure may lead to an inhibition of sympathetic nervous activity via the baroreceptor reflex, and that this may be principally responsible for the ANG IIinduced hypothermia (4). Thus, the precise effect of "exogenous" ANG II on body temperature is still unclear. By contrast, "endogenous" ANG II may help to maintain body temperature at the set-point by being involved in heatloss responses in a hot environment (14) and in heat production in a cold environment (17) .
Further, we have recently shown that ANG II contributes to fever induction, too. Indeed, brain ANG II may be involved in restraint-stress-induced fever in rats, an action that may be exerted via its type 1 receptor (21) . By contrast, it seems likely that brain ANG type 2 receptors, not type 1 receptors, play an important role in the development of the fever induced in rats by brain PGE 2 (12) . Furthermore, ANG II and its type 1 receptor are, at least in part, responsible for the local production of pyrogenic cytokines in response to LPS in tissues such as the liver (32).
Finally, a high dose of LPS induces hypothermia (33-39), a response that has been reported to be dependent on TNF (33, 41) and PGD 2 (39) . If ANG II participates in the LPS-induced production of TNF, as is the case for IL1beta, then LPS-induced hypothermia may well involve an action of ANG II.
In conclusion, the available evidence suggests that endogenous ANG II acts to maintain body temperature at the set-point under afebrile, febrile, and hypothermic conditions. 
